Abstract. Acidic soils for microbial diversity studies were collected from Devil's Kitchen, a fumarolic field on Mt Hood, USA. The very dense soils, which contain clay and other minerals, are derived from andesitic and dacitic rocks altered by volcanic heat and acidic, sulfur-rich hydrothermal steam. An initial attempt to extract biomass DNA using a mechanical-based cell lysis protocol was ineffective. However, by using various other protocols, DNA was successfully extracted, leading to the identification of several acidophilic Mt Hood extremophiles. The results emphasise the importance of testing different extraction procedures when dealing with apparently intractable samples.
Introduction
Our research focuses on biogeochemical cycling by microbial extremophiles in hydrothermal environments, particularly sulfur cycling in acidic, sulfur-rich sites. Such locations are considered analogous to some of the earliest environments on Earth. [1] Their study can therefore provide astrobiologists with insights into the origin and evolution of terrestrial life.
A critical first step in the analysis of biogeochemical cycles is the identification of the environmental microbiota. Either culture-or molecular-based approaches are generally utilised to achieve this aim. Detailed biochemical characterisation of cultured microbes provides valuable clues to their possible biogeochemical roles. However, over 95% of environmental microbes are recalcitrant to laboratory culture. [2] Molecular techniques that target the 16S ribosomal RNA (rRNA) gene are able to access a far greater percentage of microbial diversity. [2, 3] The first step in most 16S rRNA gene-based molecular strategies is extraction of biomass DNA from the environmental sample. This procedure can be relatively simple. However, this is not always the case, as the existence in the literature of numerous DNA procedures for a large variety of different environmental sample types demonstrates. For example, many soil extraction protocols have been described.
Two factors that can complicate DNA extraction from soils are acidity, and soil-DNA interactions. DNA is unstable under acidic conditions, owing to depurination-induced degradation of DNA. [4] Several soil components can bind DNA (and cells), thereby making it difficult to extract. [5] For example, DNA binds to clay minerals such as montmorillonite and kaolinite, [6] and other soil constituents, including quartz. [7] Furthermore, DNA-clay binding increases at acidic pH. [8] We have routinely had success in extracting DNA from different environmental sample types with a FastPrep bead-beating protocol, which mechanically lyses endogenous cells. [9] Samples have included microbial mat and biofilm from a pH-neutral hot spring [10] and from a highly acidic volcanic stream, [11] water samples (pH 7.6) from an underground aquifer, [12] microphytic tufas in slightly alkaline river water, [13] and run-off stream sediments. Bead beating is well suited for DNA extraction from soils because of its ability to disrupt spores, which are often present in soil. [14] Here we report our experiences with DNA extraction from highly acidic, hydrothermally altered Devil's Kitchen soils that did not contain visible microbial communities. We intend to demonstrate that even with apparently intractable samples with respect to DNA extraction, it is still possible to extract useable DNA.
Experimental
Soils were collected from Devil's Kitchen (August 2004; Table 1 ), a hydrothermal area located at an elevation of ∼3100 m on the Mt Hood volcano (Cascade Range, USA). Devil's Kitchen has been formed by a glacial moraine covering a fumarolic field, and is composed of undifferentiated andesitic volcanic flows and dacitic pyroclastic rocks. [15] Volcanic heat and acidic, sulfur-rich hydrothermal steam have altered these rocks to very dense, mineral-rich soil with visible sulfur inclusions. Samples were collected aseptically and stored on ice for 12-16 h, then frozen at −20 • C until processing. DNA extractions, culturing and microscopy were conducted in Australia (1-5 months post-collection). The following DNA extraction methods were used: mechanical cell lysis-FastPrep (QBiogene Corp., Irvine, CA, USA), [9] FastPrep PEG/lysozyme modification, [16] PowerSoil ™ DNA isolation kit (Mo Bio laboratories, Carlsbad, CA, USA), UltraClean ™ DNA isolation kit (Mo Bio laboratories); chemical cell lysis-xanthogenate-SDS (XS) buffer, modified; [17] chemical/enzymatic cell lysis-phenol; [18] mechanical/chemical/enzymatic cell lysis-phosphate, SDS, chloroform, Bead Beater (PSC-B), modified (S. Turner, personal communication). [19] Agarose gel electrophoresis was used to assess the outcome of DNA extractions. [20] Cultured Escherichia coli cells for spiking of samples were enumerated using a haemacytometer. Biomass 16S rRNA genes were polymerase chain reaction (PCR)-amplified from extracted DNA samples with bacterial (PB36 and PB38) [21] or archaeal (ASF and ASR) [22] domain-specific primers (Sigma Genosys Australia Pty Ltd, Sydney, Australia), which resulted in, respectively, 1.5 kb and 1.0 kb PCR products. PCR was conducted using AmpliTaq Gold reagents (Roche Diagnostics Australia Pty Ltd, Sydney, Australia) and the following cycling conditions: 95 , and sequence database identity searches were performed as previously described. [10] Sequences have been deposited in GenBank (accession numbers DQ455568-DQ455581; www.ncbi.nlm.nih.gov/Genbank/, verified April 2006). For enrichment culturing, 5 mL of a modified mineral salt media (pH 2) was inoculated with sample material (500 mg) and incubated at 45 • C, 60 • C or 75 • C for up to 4 weeks. [23, 24] Chemical analyses (Table 2) were conducted by BeavertonAnalytical, Portland, Oregon, USA. X-Ray diffraction (XRD; Table 2 ) was performed at the Centre of Geochemical Evolution and Metallogeny of Continents (GEMOC), Macquarie University, Sydney, Australia.
Results and Discussion
Initial DNA extractions from samples E8, D6, D7 and F10 (Tables 1 and 2 ) with the FastPrep bead-beating method yielded negative results, i.e. biomass DNA was not visualised by agarose gel electrophoresis, and no PCR products were obtained using bacterial-and archaeal-specific 16S rRNA gene primers. The likelihood of PCR inhibitors affecting the result was discounted, as various template dilutions were tested. The inability to extract DNA could be explained by the fact that: (i) endogenous cells may have been absent; (ii) the number of endogenous cells was so low that any DNA extracted was below the detection limit of the techniques used; (iii) cell numbers were sufficient, but the extracted DNA was either degraded or made inaccessible (e.g. binding to clay and other minerals); or (iv) the FastPrep DNA extraction technique was unsuitable. For sample E8, reason (i) was very unlikely, as endogenous coccoid cells were present, as determined by confocal laser scanning microscopy and fluorescence in situ hybridisation of the fixed sample. To ascertain whether it was actually feasible to extract DNA at all (i.e. evaluating possibility (iii) and (iv) above), samples E8 and F10 were spiked with E. coli cells (equivalent to 10 8 cells g −1 sample). FastPrep-extracted genomic DNA was visible by agarose gel electrophoresis (sample E8 only), and a bacterial 16S rRNA gene PCR product was obtained for both E8 and F10 (Table 3) . As PCR-amplifiable E. coli DNA could be extracted from spiked samples, we persisted with our extraction attempts using selected Devil's Kitchen samples.
Sample E8 was tested with several different DNA extraction methods, followed by PCR with bacterial-and archaealspecific 16S rRNA gene primers. Although none of the six Sample  E8  F9  F10  E8  F9  F10  E8  F9  F10  E8  F9  F10  E8  F9  F10  E8  F9  F10 FastPrep 490 / 520
extraction methods used resulted in visible biomass DNA, a bacterial 16S rRNA gene PCR product was obtained with the FastPrep PEG/lysozyme method (Table 3) , suggesting successful extraction of endogenous DNA. Samples F9 and F10, collected from different horizons of the same location (Table 1) , were also tested with, respectively, two and five different extraction methods. Once again, none of the methods used resulted in visible extracted biomass DNA. However, an archaeal 16S rRNA gene PCR product was obtained for F9 with the XS buffer method ( Table 3) . As extraction controls, duplicate samples of E8, F9 and F10 were spiked with E. coli cells (10 8 cells g −1 sample). Following extraction, a bacterial 16S rRNA gene PCR product was produced in 11 of 14 spiked control reactions (Table 3) . Cloning and sequencing of the bacterial PCR product (1472-1512 base pairs) obtained with unspiked sample E8 indicated that the 16S rRNA gene sequences were predominantly (71% of 103 cloned 16S rRNA genes analysed) from Sulfobacillus thermosulfidooxidans, [25] or Sulfobacillus thermotolerans. [26] Of the remaining 29% of E8 sequences, 26% matched with Pseudomonas fulva and Pseudomonas parafulva, [27, 28] and 3% to Sporosarcina sp. and an uncultured bacterium from acidic grassland soil. [29, 30] Similar analysis of the archaeal PCR product (1019-1024 base pairs) from unspiked sample F9 indicated that virtually all recombinants (97% of 109 cloned 16S rRNA genes analysed) matched with a Ferroplasma sp. JTC3 and Ferroplasma cyprexacervatum database sequences. [31, 32] The remaining 3% of sequences matched with Sulfolobus metallicus and Acidianus sp. [33, 34] Enrichment cultures were obtained for several samples at different incubation temperatures (data not shown). Cloning and sequencing of the 16S rRNA gene of microorganisms growing in an E8 enrichment culture, incubated at 45 • C for 4 days, indicated the presence of sequences either virtually identical to (Ferroplasma sp. JTC3/F. cyprexacervatum, 99.9% sequence identity), or related to (S. thermosulfidooxidans, 91.2-95.8%) the predominant sequences identified by direct molecular-based methods. This identity supports the conclusion that our results stem not from exogenous laboratory-sourced contaminants, but from endogenous Devil's Kitchen microbes. Potential laboratory contamination of experiments with exogenous DNA or microbial cells can be an issue with 16S rRNA gene sequence studies, [35, 36] especially when only small amounts of biomass DNA are extracted. Therefore, we instituted stringent precautions in the form of numerous controls: a negative control tube (i.e. water only) in all DNA extractions and subsequent PCR experiments; PCR negative controls (water); a media-only control tube during culturing; and DNA extractions and ensuing 16S rRNA gene cloning were not conducted at the same time as culturing experiments. We used standard laboratory procedures to avoid contamination, such as the use of filter tips and clean reagents. Finally, neither Sulfobacillus sp. nor Ferroplasma sp. cultures have been previously studied in our laboratory, considerably reducing this possibility as a contamination source.
Despite these strict controls and precautions, the possibility remains that the P. fulva/P. parafulva sequences identified in sample E8 represent exogenous laboratory contamination, as they are not necessarily the type of microbe expected at Devil's Kitchen. Furthermore, Pseudomonas sp. have been confirmed as contaminants in 16S rRNA gene experiments. [35, 36] However, the following facts could support the argument that the P. fulva/P. parafulva sequences were not laboratory contaminants: (i) a P. fulva 16S rRNA gene sequence has been identified in a supraglacial sulfur spring; [37] (ii) the best P. fulva/P. parafulva database matches were to sequences identified on strawberry leaves and rice seeds, suggesting a link with soil; and (iii) both thermophilic and acidophilic Pseudomonads have been identified.
Our results with highly acidic, mineral-containing volcanic soils highlight the importance of assessing different DNA extraction methods for obtaining biomass DNA. It was also apparent that any one extraction method did not 'suit all'. For example, the FastPrep PEG/lysozyme modification was successful with sample E8, but not F9, whereas the reverse situation applied with the XS buffer method. The complexity of the soil samples with respect to DNA extraction (acidity, possible DNA-component interactions) was potentially compounded by the presence of few cells, and sample freezing and thawing before extraction. Despite these factors, it was still possible to identify the resident microbes on the basis of 16S rRNA gene sequences. Bacterial Sulfobacillus sp. and archaeal Ferroplasma sp. sequences dominated samples E8 and F9 respectively. Furthermore, similar or identical sequences were detected in an acidic (pH 2) enrichment culture of sample E8. Both Ferroplasma sp. and Sulfobacillus sp. are facultatively anaerobic, Fe 2+ -oxidizing acidophiles (pH optima of 1.0-1.7 and 1.9-2.4 respectively; temperature optima of 35-42 • C and 50 • C) involved in sulfur cycling and the bioleaching of sulfur-containing minerals, such as pyrite, leading to acid mine drainage. [23, 24, [38] [39] [40] [41] Ferroplasma sp. and Sulfobacillus sp. are microbes one would expect to find at Devil's Kitchen, a sulfur-and iron-rich acidic environment.
